The increasing popularity of composite materials in aerospace applications is creating the need for a new class of predictive methods and tools for the simulation of progressive damage in laminated fiber-reinforced composite structures. The unique challenges associated with modeling damage in these structures may be addressed by means of thin-shell formulations which are naturally developed in the context of Isogeometric Analysis. In this paper, we further validate our recently developed Isogeometric Analysis-based multi-layer shell model for progressive damage simulations using experimental data for low-velocity impact on a 24-ply flat panel. The validation includes a careful comparison of delamination and matrix damage patterns predicted by the Isogeometric Analysis-based simulation and those obtained from post-impact non-destructive evaluation of the damaged coupon. The Isogeometric Analysis-based formulation is then deployed on two additional examples: a stiffened panel and a full-scale UAV wing, to demonstrate its suitability for, and ease of application to, typical aerospace composite structures.
Introduction
Composite materials have become increasingly popular in the past few years for lightweight applications, in particular in the aerospace industry where high strength-to-weight and high stiffness-to-weight ratio are considered key design parameters. At the same time, new computational technologies are required to support the design process of increasingly complex structural components and to predict damage growth under non-standard loading conditions. However, the development of accurate and computationally efficient analysis tools capable of predicting the response of laminated composite structures from the elastic regime to the failure point and beyond is a complex task. In this paper, we demonstrate how Isogeometric Analysis (IGA), which is a prevalent research direction in computational mechanics today, presents an excellent platform for the development of the aforementioned analysis tools.
The concept of IGA 1,2 was first introduced to ease the integration between computer-aided design (CAD) and Finite Element (FE). In the framework of IGA, Non-Uniform Rational B-Splines (NURBS), as well as other smooth spline-based discretizations such as T-Splines, 3 are used both for the representation of the geometry and as basis functions for numerical simulation. Besides having a tighter link with CAD, the use of NURBS as basis functions proved to be beneficial for the accuracy of numerical simulations due to the higher-order continuity of the discretized fields, compared to more traditional lower-order FE. The inherent properties of higher-order accuracy and continuity of NURBS functions, combined with the fact that NURBS-based CAD technology was developed for representing surfaces, have led to rapid development of IGA for shell structures. [4] [5] [6] In particular, 1 Department of Structural Engineering, University of California, San Diego, USA 2 School of Engineering, Brown University, USA Kiendl et al. 4 introduced a new thin-shell model based on the Kirchhoff-Love theory, which was formulated only in terms of displacement degrees of freedom. The bending strip technique 5 was then developed in order to transfer bending moments between NURBS patches connected with C 0 -continuity. This allows to represent complex geometry and non-manifold shell structures.
The computational efficiency of Kirchhoff-Love shells, combined with accurate representation of curved and geometrically complex surfaces by NURBS shape functions, are the motivating factors that drive the development of IGA-based methods for progressive damage analysis of composite laminates. In this work, we illustrate the good accuracy and efficiency and show novel applications of the multi-layer model recently developed by the authors. 7, 8 The multi-layer model is based on the representation of composite laminates at the level of each individual lamina. Plies are represented as independent layers and are connected through cohesive interfaces. This allows the modeling of interlaminar damage and explicit ply separation (i.e. delamination). In addition, intralaminar damage, which includes fiber breaking, kinking, matrix cracking, and fiber debonding, is modeled at the individual lamina level.
Difficulties in the prediction of damage initiation and propagation stem from the heterogeneous and multiscale nature of the material. Furthermore, the presence of matrix damage plays a major role in the development of delamination, which further increases the degree to which these damage modes are interrelated and directly translates into additional modeling challenges.
We use a phenomenological Residual Stiffness Approach 9 (RSA) to model the intralaminar damage at the level of each individual ply. Our implementation of RSA is developed in the framework of the continuum damage mechanics (CDM) and it is based on progressive degradation of the pristine-material elastic properties as a function of local damage variables. The purpose of CDM is to model, at the continuum level, the equivalent effects of various intralaminar damage modes active at the level of each lamina. For this purpose, a strain-softening damage model 10 is used to degrade material stiffness tensor as a function of local damage variables. The use of local damage theories in combination with strainsoftening degradation models may lead to strain localization resulting in high mesh sensitivity of the solution (see, e.g. the work of Lapczyk and Hurtado 11 ). However, the introduction of a length scale in the damage model, as proposed by Bazˇant and Oh, 12 allows one to alleviate the global effects of damage localization. In the framework of discrete fracture mechanics, extended Finite Element Method 13 (xFEM) or in-plane cohesive elements 14 are common alternatives to CDM for modeling intralaminar damage. However, these approaches are not pursued in the present work.
The present paper builds on the recent developments of our IGA-based multi-layer model for progressive damage simulations, and the purpose of this work is to: (a) present a new low-velocity impact simulation of a 24-ply flat coupon and to correlate interlaminar damage at each of the 23 interfaces with nondestructive experimental measurement of delamination; (b) show applications of the multi-layer model in the framework of the design-to-analysis concept applied to progressive damage simulation of full-scale structural components. The paper is structured as follows: in Section IGA-based multi-layer shell formulation we summarize the theoretical foundations of the IGAbased multi-layer framework developed for predicting damage initiation and evolution in composite laminates. Two impact simulation scenarios are described in Section Impact modeling and progressive damage simulations in order to illustrate the application of our modeling approach at the meso-and macro-scale levels. The results of impact simulations are discussed in Section Results of impact simulations and discussion. In Section Hard landing simulation of a unmanned aerial vehicle, we show an additional example to illustrate the application of the multi-layer model to a full-scale UAV wing. We conclude by summarizing the main achievements and discussing future research directions.
IGA-based multi-layer shell formulation
In this section, we outline the key aspects of the IGA-based multi-layer analysis framework that were developed for progressive damage analysis of composite laminates. A comprehensive description of the framework is reported in our previous work. 7, 8 The multi-layer model developed by the authors is based on the hypothesis that each ply can be represented, individually, by an independent NURBS (or other spline-based) surface. The plies are connected through zero-thickness cohesive interface whose stiffness is progressively reduced to account for the evolution of interlaminar damage. The equivalent effects of intralaminar damage are modeled at the lamina level by adopting a typical RSA formulated in the framework of the CDM.
One of the key modeling assumptions is that individual plies of a composite laminate are represented by the Kirchhoff-Love shell model, which was developed in order to model thin shells. The kinematics of the Kirchhoff-Love shell element is described purely as a function of the midsurface displacements, without introducing the Degrees Of Freedom (DOFs) associated with the rotation of the shell director. In addition, as opposed to the more traditional shell elements based on the Reissner-Mindlin theory, shell elements based on the Kirchhoff-Love theory do not experience shear-locking effects in the limit of vanishing thickness.
The kinematic model underlying the thin-shell formulation is based on the Kirchhoff assumption, which posits that the shell director remains normal to the shell midsurface during the deformation. This hypothesis implies that, at the level of each individual ply, transverse shear is neglected. However, the shear deformability of the whole laminate is recovered due to the presence of compliant cohesive interfaces, which allow for relative in-plane displacement between the connected plies. In particular, we showed 7 that it is possible to compute a specific value of cohesive stiffness, which depends on the material shear modulus and ply thickness, such that the multi-layer model mimics correctly the transverse shear behavior predicted by the First order Shear Deformable Theory (FSDT).
Thin-shell kinematics and strain measure
The point of departure for the derivation of the governing equations is the definition of the GreenLagrange strain tensor for shell elements as a function of the NURBS in-plane parametric coordinates 1 and 2 . Following a commonly adopted approach, see, i.e. Bischoff et al., 15 the kinematics of a thin 3D continuum solid is described in terms of its midsurface displacement. Position vectors of a material point in the reference and current configuration, denoted, respectively, by X and x, are computed as:
where X 0 and x 0 are the position vectors of a material point on the shell midsurface in the reference and current configuration, respectively, and 3 2 À 
where index ¼ 1, 2. The shell midsurface normal vectors G 3 and g 3 in equation (1) are obtained from the cross-products of the in-plane basis vectors as:
The Green-Lagrange strain tensor may be computed as:
where E represent the covariant components of the Green-Lagrange strain-tensor, which may be expressed in terms of separate membrane strain and curvaturechange contributions as:
The in-plane basis vectors do not form, in general, an orthonormal basis. Therefore, it is convenient to define a local Cartesian basis such that the first Cartesian basis vector e 1 is point-wise parallel to G 1
The Cartesian components of the membrane-strain and curvature-change tensors are obtained from a transformation of their contravariant-basis counterparts given by equation (5) .
The NURBS basis functions, denoted by N A 1 , 2 ð Þ, are introduced into equations (1) and (2) in order to approximate the position vector of a material point on the shell midsurface as:
where the positions of the NURBS control points d A are the new generalized DOFs of the discrete formulation. We note that the presence of the curvature tensor in equation (5) requires the use of quadratic or higher order basis functions that are at least C 1 -continuous across the element boundaries. Therefore, we make use of quadratic NURBS for all the simulations presented in the later sections of this paper.
Remark. The Cartesian basis is the reference coordinate system for the orientation of material principal axes. The orientation of each ply is therefore specified with respect to e 1 . If the orientation angle is defined as a constant for each ply, the fiber alignment will naturally follow the curvature of the surface, which is a realistic representation of a typical manufacturing process. Otherwise, it is possible to specify the fiber orientation at each quadrature point to account for more complex cases.
Composite damage models
Typical failure modes of composites laminates include intralaminar and interlaminar damage. The latter is commonly referred as delamination.
Intralaminar damage include failures of the matrix phase, such as matrix cracking, of the reinforcement phase, such as fiber breaking and fiber kinking, and of the fiber-matrix interface, such as fiber debonding. While these failures occur at the microscale level, their effects at the meso-and macro-scale levels are often described using an RSA in the framework of CDM. 9 While the theoretical assumptions lead to a simplified representation of the actual damage state of the material, this model is often preferred for meso-and macro-scale simulations because, while being relatively simple from computational standpoint, it is still able to accurately predict damage growth in composite laminates (see, e.g. results for impact damage on composite laminates 16, 17 ). Another category of damage is delamination, which involves local separation of individual plies, or groups of plies, from the original laminate. In the framework of the multi-layer modeling approach, we represent the laminate ply-by-ply and we use zero-thickness cohesive interfaces to connect adjacent plies. A cohesive interface is defined between distinct NURBS surfaces, thereby introducing a surface traction term proportional to the relative displacement. A cohesive damage law enables the detection of the onset of permanent interlaminar damage and progression of the delamination front.
Intralaminar damage. The intralaminar damage model adopted for this work is based on the parameterization of material constitutive tensor as a function of three damage variables d var ¼ ½d 1 , d 2 , d 6 that are associated with fiber, matrix and in-plane shear damage, respectively. The model assumes that damage is represented by smeared crack bands aligned in the direction of the material symmetry planes. Therefore, the damage variables determine the reduction of the initial elastic properties but do not affect the orthotropic nature of the material. The modified tensor of elastic moduli in the material coordinate system e C d var ð Þ is defined as follows:
Hashin damage criteria 18 determine the onset of permanent damage in the matrix and reinforcement phases under tensile and compressive loading conditions. These criteria assume that matrix cracking occurs on the plane of maximum shear, which is parallel to fiber direction and oriented at AE45 with respect to the lamina midsurface. Several authors (see, e.g. the work of Davila and Camanho 19 ) have noted, however, that the orientation of the matrix fracture plane, in particular under compressive loads, depends on loading conditions and the presence of adjacent lamina. Advanced matrix failure criteria have been recently adopted in combination with the RSA for progressive damage 20 and impact 16 simulations. However, the traditional Hashin criteria are still widely used 21 for unidirectional fiber-reinforced composites due to the ease of calibration.
The onset of permanent damage is determined based on the local stress state. Then, a bilinear softening law, as shown in Figure 1 , is used to determine the evolution of each damage variable d i as a function of the local equivalent displacement i . It is well established that the use of local damage theories in combination with strain-softening models leads to a loss of well-posedness of the governing equations (see, e.g. the discussion of Bazˇant 22 ) and manifests itself in strain localization and mesh-dependent solutions.
Although the introduction of a mesh length scale, as proposed by Bazˇant and Oh 12 for the smeared crack band model, does not solve the damage localization problem, it ensures that the energy dissipated during the damage process is independent of the mesh size employed. As a consequence, a mesh reference length scale L c is introduced in the model in order to compute the equivalent displacement as a function of local strain measures. Viscous regularization of the damage variables is introduced in order to reduce the growth rate of damage variables in the event of abrupt failures of the material. The method derives from a generalization of the regularization procedure introduced by Duvaut and Lions. 23 The implementation presented by Da`vila et al. 24 and adopted for this paper makes use of the backward Euler scheme for the time integration of the damage variables. While the regularization improves convergence of the computations, it was shown 7 that under pure Mode II opening, the use of regularized damage variables may result in a slight overestimation of the failure load.
Interlaminar damage. We use the zero-thickness cohesive interface formulation that the authors developed for the multi-layer representation of laminated composite structures modeled with thin Kirchhoff-Love shells. A detailed description of the cohesive formulation and its validation is reported in our previous article. 7 The cohesive model is based on the penalization of the relative displacement between the adjacent and initially connected plies. The cohesive interface stiffness may take on different values for the interface normal and in-plane directions, denoted by K coh n and K coh , respectively. The cohesive traction is defined to be proportional to the relative displacement jump as:
where e n is the effective interface normal vector, obtained by averaging the normal vectors of the connected surfaces. The gap function " is positive if the interface in closing, while it is negative if the interface is opening. In case the interface is closing, the cohesive traction prevents the interpenetration of the connected plies even if the interface has failed, i.e. when d coh ¼ 1.
We adopt a mixed-mode cohesive model, 25 which makes use of a single damage variable, namely d coh , in order to quantify the interlaminar damage. The effective cohesive-interface stiffness is therefore obtained by scaling the nominal stiffness through the cohesive damage variable. The maximum traction criterion is used to detect the onset of permanent damage, while a bilinear traction-separation law is used to compute the evolution of the damage variable as a function of the normal and in-plane relative displacements. Failure of the cohesive interface is determined by the amount of energy dissipated during the separation process. Viscous regularization is also applied for the time integration of the cohesive damage variable.
Discrete formulation
A core semi-discrete variational form of the KirchhoffLove shell formulation may be stated as follows: Given the trial-function set S h x and the test-function set S h w , find the position of the shell midsurface The matrices K exte , K coup and K bend represent, respectively, the extensional, coupling, and bending stiffnesses, which result from the analytical integration of the constitutive matrix in the through-the-thickness direction. According to the Classical Laminated Plate Theory 26 (CLPT), the integrals are reduced to discrete summations over the discrete plies of the laminate
Here, h th k is the thickness of the kth ply, while z k is the distance of the ply midsurface from the laminate midsurface. The constitutive tensor C is obtained by rotating e C from the material to the local Cartesian coordinate system. Equation (11) implies that damage variables are computed and stored at each ply of the laminate, even if the entire laminate is modeled as a single shell surface.
A contact formulation is required to perform impact simulations. We use a penalty contact interface that introduces repulsive traction, denoted t con , if the surfaces on which the interface is defined come into contact during the simulation. A comprehensive description of the penalty-contact formulation developed for IGA is presented by Pigazzini et al. 8 and is originally taken from the work of Kamensky et al. 27 In our formulation, the contact-traction magnitude (i.e. contact pressure) is a function of the distance between impacting surfaces, while its direction is coincident with the interface normal. This setup corresponds to frictionless contact.
For a laminated composite structure comprising N p plies (or sublaminates in the case of ply grouping), N c cohesive interfaces, N con contact interfaces and N bs bending strips, the semi-discrete variational formulation may be stated as follows: Find the configuration
In the second and third summations on the lefthand-side of equation (12) subscripts 1 and 2 refer to the plies adjacent to a cohesive interface ic or contact interface icon. The last term on the left-hand-side of equation (12) corresponds to the bending strip technique. 5 It is introduced to enable the application of the Kirchhoff-Love shell formulation to structures modeled using multiple NURBS patches connected with C 0 -continuity by penalizing the relative rotation between the patches at their interface. Bending strips are additional NURBS patches that have no mass or membrane stiffness, and only have bending stiffness transverse to the structural NURBS patch interface.
The generalized-method 28 is used for the time-integration of equation (12) . The original implicit version of the Generalized-method is employed to enable computing with large time steps, but this requires linearization and solution of a non-linear equation set at every time step. As an alternative, we developed a quasi-explicit version 7 of the generalized-method, which allows to overcome convergence issues that affect the Newton-Raphson algorithm in the case of rapid rate of damage growth.
Remark. If the Kirchhoff-Love shell is employed to represent each individual ply instead of a group of plies, then the definitions of K exte , K coup , and K bend in equation (11) are further simplified since z k ¼ 0.
The numerical examples presented in the following sections show the full potential of the IGA-based multilayer shell formulation given by equation (12) as it applies to progressive damage simulation of laminated composite structures.
Impact modeling and progressive damage simulations
In this section, we present two numerical simulations of low-velocity impact on composite laminates. These examples aim to represent the broad-spectrum applicability of the multi-layer analysis framework introduced in the previous section. In the first example, the impacted flat composite plate is modeled ply-by-ply in order to obtain a high-fidelity representation of the damage state at the lamina level. Numerical results are validated through a comparison with experimental data. The second numerical example aims to predict damage growth in a stringer-stiffened composite panel subjected to an accidental impact. IGA is beneficial for the representation of curved geometries, such as the composite stringer considered in this example. By providing an exact representation of all conics, the IGA approach allows for more accurate modeling of curved boundaries using coarser discretizations than more traditional low-order FEM approximations.
Impact on a flat panel: Model description
The experimental setup for low-velocity vertical impact on a flat panel is shown in Figure 2 . The composite laminate, which measures 152.4 mm Â 101.6 mm, is clamped by steel plates on all the edges. The constraining frame has a rectangular open window at its center that measures 127 mm Â 76.2 mm. The plate is 4.809 mm thick and it is made of 24 unidirectional T800/3900-2 carbon/epoxy plies. Material properties used for the analysis are summarized in Table 1 . The lamination sequence is [0/45/90/À45] 3s . The impactor has a hemispherical head with a radius of 25.4 mm. The total impacting mass is 5.605 kg, and the initial kinetic energy is 25.1 J. No ply grouping is employed, resulting in a computational model comprised of 24 rectangular NURBS surfaces connected with 23 cohesive interfaces, whose properties are summarized in Table 2 . Clamped boundary conditions are only imposed on the top and bottom plies. The impacting device is represented as a hemispherical surface and it is modeled as a stiff isotropic material. A contact interface is defined between the top ply and the impactor.
As discussed in the previous section, we introduce a reference length in the damage model. The length scale L c is defined equal to the square root of the element surface area ffiffiffiffiffiffiffiffi A ele p . The mesh size in the center of the coupon is 1 mm and it gradually increases to 1.5 mm closer to the clamped region. Restrictions on the mesh size are also imposed by the cohesive model which requires a fine mesh resolution in order to correctly describe the propagation of the delamination front. According to Turon et al., 29 3 to 10 linear elements, at least, are required in the cohesive process zone, which is defined as the region between the crack tip and the point where cohesive traction reaches its maximum value. Several models are available in the literature for the estimation of the process zone length l coh . For normal and in-plane opening modes, the cohesive lengths may be computed according to the expressions proposed by Falk et al.
where E 0 n, are the equivalent elastic moduli whose values are estimated 31 for plane-stress state in an unbounded medium. According to equation (13) , the critical cohesive length for the selected material is 17.3 mm. Therefore, the process-zone discretization adopted for IGA guarantees at least 10 quadratic elements anywhere in the domain.
Impact on a stiffened panel: Model description
As a second example, we present the simulation of low-velocity impact on a reinforced aerospace panel. We consider a scenario of an accidental impact that occurs at the center of a stringer flange on the external side of the structure. The panel, shown in Figure 3 , measures 990.6 mm in the longitudinal direction of the stringers and 1308.1 mm in the lateral direction. The stringer crosssection is shown in Figure 4 , while the distance between the stringer centerlines is 260.35 mm. The impactor has a hemispherical head with a radius of 12.7 mm. The total impacting mass is 2 kg, and the initial kinetic energy is 16 J.
The skin and stringers have an average thickness of 3.2 mm and are made of 16 unidirectional T800/3900-2 carbon/epoxy plies (see Table 1 , are placed between the skin and each stringer. These extend for the entire length of the panel in the longitudinal direction of the stringers, while in the lateral direction they span the width of the stringer flanges. For this example, in order to improve the computational efficiency we adopt a ply grouping technique. In addition, we perform analysis on a subregion of the entire panel that is 127 mm long, 203.2 mm wide, and includes only one stringer.
The model, which is shown in Figure 5 , comprises 31 NURBS patches that are employed as follows:
. Nine structural patches to represent the stringer; . Eight bending strips to connect the stringer patches; . Five structural patches to represent the skin; . Four bending strips to connect the skin patches; . Three structural patches to represent the single 90 ply; . Two bending strips to connect the patches of the 90 ply.
Clamped boundary conditions are applied on the long edges of the coupon, while the short edges are stress free. The impacting device is represented as a hemispherical surface and it is modeled as a stiff isotropic material. A contact interface is defined between the skin and the impactor. Cohesive interfaces, whose properties are summarized in Table 2 , are employed to connect the skin, the 90 ply, and the stringer flanges. Conforming meshes are used for the stringer flange, the 90 ply, and the skin. The mesh size L c is 1.08 mm in the impact region, while it gradually increases toward the clamped edges. The mesh size on the non-impacted flange is 4.18 mm. The discretization satisfies the restrictions imposed by the critical cohesive length computed according to equation (13) .
Results of impact simulations and discussion
In this section, we present results obtained from the impact simulations. For the first example, we compare results obtained from the IGA simulation and experimental data obtained from a vertical drop test. Results of the impact test on the reinforced composite panel are purely numerical since no experiments were carried out for this case. IGA simulations are performed using an in-house research software. The formulation presented in this paper is implemented by taking advantage of OpenMP parallelization suitable for shared-memory architectures. Unless otherwise specified, all the images from IGA simulations are obtained by interpolating the quadratic NURBS solution using a finer mesh of linear elements, allowing us to use standard FE post-processing software. 
Impact on a flat panel: Results
The experimental data used for validation correspond to a vertical drop test and post-impact non-destructive investigation of the damaged coupon conducted at the NASA Langley Research Center. Numerical simulation was performed using implicit time integration with a constant time-step of 2.5 ms. The model discretization has 436,215 DOFs. The correlation of the impact force, measured on the impacting device, is shown in Figure 6 . The results of the IGA multi-layer shell model show excellent agreement with the experimental data. The simulation over-predicts the peak force by 3.44%, while no noticeable differences are found in the case of impact duration. No structural damping was introduced in the analysis; the oscillatory response obtained after the peak load is associated with local vibration of the panel at and near the contact interface. Numerical results in Figures 7 and 8 show the extent of delamination front at every interface. Every sub-figure represents an individual cohesive interface. Interface numbering follows top-to-bottom ordering, where interface 23 is closest to the impacted surface. Highlighted areas identify where the cohesive damage variable d coh ! 0.5. For each cohesive interface, solid black lines represent the boundary of the area where the matrix damage d 2 on the plies located above and below the interface is larger than 0.5. Figures 7 and 8 demonstrate the ability of the multi-layer IGA shell model to correctly capture coupling mechanisms of matrix cracking and delamination. Although the interaction of these damage modes is not taken explicitly into account, numerical results indicate a clear correlation. In particular, it can be observed that discrepancies in the matrix damage level on two adjacent plies result in a delaminated area with boundaries aligned with those of the matrix damage zone. This implicit interaction between the damage modes can be explained by considering that matrix damage generates in-plane variations in the compliance. When loads are applied, differences in compliance on two adjacent plies lead to larger displacement jump at the interface. Combined with different orientations of the connected lamina, for large enough loads, this leads to onset of permanent delamination.
In Figures 9 and 10 , we compare, for every interface, the numerical prediction of delamination with experimental data obtained from rasterization of computed tomography (CT) images. Likewise, in Figures 11 and  12 we compare, for each ply, the matrix damage. Numerical values of cohesive and matrix damage variables are evaluated directly at the mesh quadrature points, where damage is computed, evolved, and stored. CT scans are performed on impacted specimens in order to obtain detailed information about the damage state in individual plies and at interfaces between the plies. The technique developed to extract interlaminar and intralaminar damage data from CT images is described in the work of Ellison and Kim. 32 Numerical prediction and experimental data show good correlation in terms of the orientation of delamination boundaries and the relative extent of delamination zones. The model also accurately predicts the absence of delamination in the impact area on the upper interfaces due to the presence of compressive stress introduced by the impactor. Although the simulation tends to predict larger interlaminar and intralaminar damage compared to experimental observation, it is worth noting that rasterization of CT images introduces some level of arbitrariness in the definition of the damage extent.
The discrete nature of matrix cracking is clearly visible in the processed CT images, where damage appears to be confined along narrow crack-bands oriented parallel to fiber direction. The orientation and length of matrix cracks predicted by the numerical model is in good agreement with the CT results. However, the extent of matrix damage is larger compared to experimental observations. These discrepancies can be attributed to the continuous nature of models based on damage mechanics, where the predicted damage areas represent the effect of coalescence of parallel crackbands aligned in the fiber direction.
Impact on a stiffened panel: Results
The low-velocity impact scenario on reinforced composite panel is investigated from a numerical point of view only. Experimental data are not presently available for this case. Numerical simulations are performed using implicit time integration with a constant time step of 2.0 ms. The IGA model uses 75,891 displacementonly DOFs for the discretization of the problem. The impact force time history, shown in Figure 13 , exhibits a sharp drop related to a sudden propagation of the delamination front at the interface between the skin and 90
ply. Figures 14 and 15 show the contour plots of matrix and interlaminar damage, respectively. Since ply grouping technique is enabled, we report the envelope of damage variable d 2 obtained, for each point, by taking its maximum value in the through-the-thickness direction on all the plies of the laminate. As expected, matrix damage is confined to the impact area, while the extension of matrix damage is larger on the stringer, where tensile stresses are dominant.
Remark. Enabling ply grouping allows for significant improvements in computational performance, while still satisfying mesh size requirements for continuum damage and delamination. On the other hand, this approach artificially prevents delamination of plies that belong to the same group. Particular attention to ply grouping choices is therefore required since delamination significantly affects the laminate residual bending stiffness.
Hard landing simulation of a unmanned aerial vehicle
In this section, we present an application of the designto-analysis concept, which is the key idea behind IGA and drives much of the research and development in this area. The IGA multi-layer modeling approach is applied for progressive damage simulation of a Figure 16 .
We investigate the structural response of the UAV main wing, focusing on the skin/spar cap debonding that may occur during a hard landing scenario. The fuselage is not modeled, and the analysis is performed under the conservative assumption that the impact loads are transferred directly to the wing. The wing presents a traditional single-spar design with four ribs and one reinforced rib at the wing root. The spar Figure 11 . Impact on a flat panel. Correlation of (top) CT-scan results and (bottom) Matrix damage predicted by the IGA simulation for plies 13-24. Ply 24 is at the top of the laminate (impacted side). Each frame represents a 80 mm Â 60 mm area in the center of the panel.
runs for the entire length of the wing. The IGA model is comprised of 127 NURBS patches that are used to represent all structural components, such as spar, ribs, and skin, as well as aerodynamic surfaces. The ply grouping technique is adopted for computational efficiency. Cohesive interfaces are used to connect the skin to spar caps. The lamina material and the cohesive properties are reported in Table 1 and in Table 2 , respectively.
We make use of the commercial CAD software Rhinoceros3D 33 for modeling purposes in order to create the basic geometry and carry out mesh refinement required for simulation. It is worth mentioning that NURBS-based CAD software, in general, represent surfaces using the minimum required number of control points such that the geometry is visually accurate. For analysis purposes, however, h-refinement (i.e. increasing the number of non-repeated knots in the NURBS parametric space) or p-refinement (i.e. increasing the polynomial order of the NURBS functions while keeping the number of non-repeated knots constant) are often required to achieve sufficient accuracy. A detailed description of the refinement procedures is reported by Cottrell et al. 2 These refinement procedures may be performed directly in the CAD environment, which is one of the more attractive features of the IGA approach. The final, analysis-ready UAV wing NURBS model and mesh are shown in Figure 17 .
A hard landing simulation is performed by imposing an initial uniform downward velocity of 3 m/s on the entire semi-wing. An upward acceleration ramp from 0 g to 6 g is imposed in the time frame 0 s to 0.1 s. Boundary conditions are imposed on the portion of the wing that is connected to the fuselage (not modeled). After 0.1 s, the deceleration is kept constant until the constrained control points come to rest. Numerical simulations are performed using implicit time integration with a constant time step of 0.5 ms. The model uses 129,626 DOFs for the discretization of the problem. Simulation results are shown in Figure 18 , where the deformed configuration is represented at the moment of maximum deflection. Figure  19 shows the distribution of the interlaminar damage on the connection between the spar cap and skin. Despite the presence of a delamination trigger, introduced ad hoc on both sides of the wind to facilitate the propagation of the delamination front, the model predicts the onset of interlaminar damage in the area closer to the wing-fuselage connection. In this area, stresses in the spar are high, giving rise to interlaminar shear due to different elastic properties between the spar cap and skin.
Conclusions and future research directions
The present work builds on the recently proposed IGA-based multi-layer shell model for progressive damage simulations. 7, 8 A new low-velocity impact simulation of a 24-ply coupon was presented, and the simulation showed good agreement for the impactforce time history and for experimentally measured delamination at each one of the 23 ply interfaces. In addition, from the analysis of individual cohesive interfaces, we observed the expected correlation between matrix damage and delamination, despite them being treated as independent damage modes in the modeling framework. Applications of the multi-layer model to simulate low-velocity impact on a stiffened panel and a hard landing scenario for a novel UAV design are also shown. Results obtained for the low-velocity impact simulation, and, in particular, their comparison with experimental results, clearly demonstrate the accuracy and efficiency of the IGAbased approach to progressive damage modeling in laminated aerospace composite structures. The simulations also demonstrate the ease of going from geometry design to IGA simulations using existing geometry modeling tools.
The use of NURBS and other type of spline functions allows for accurate and smooth representation of geometrically complex surfaces. NURBS permit a straightforward increase in the approximation order, as well as relatively effortless specification of the degree of continuity of the basis functions across element boundaries. It is precisely the higher-order continuity of these discretizations that enables the use of Kirchhoff-Love shell theory at the ply level, thus increasing computational efficiency and eliminating shear locking, such as seen in traditional FEM Global view of the assembled wing. In (a), the following color code is used to distinguish structural parts: (gray) skin, (blue) spar, (red) ribs, (yellow) ailerons. Non-structural geometries are also represented: (green) bending strips and (blue-green) cohesive interface. discretizations of thin structures, and which requires specialized numerical treatment. Although damage localization, a problem that typically affects local damage formulations, was not observed in the simulations presented in this work, the authors believe that further research is required in order to address damage localization issues, especially in the context of IGA-based Kirchhoff-Love shells. In the future we plan to introduce a non-local approach for intralaminar damage (see, e.g. the works of Pijaudier-Cabot et al. 34 and Peerlings et al. 35 ).
